We and others previously reported that cytotoxic T lymphocyte antigen-4 (CTLA-4) regulates the severity of peptide-induced experimental autoimmune encephalomyelitis (EAE) in mouse strains that are inherently susceptible to the disease. In this report, we show that CTLA-4 engagement also controls disease susceptibility in BALB͞c mice, a strain considered to be resistant to EAE induction. 
We and others previously reported that cytotoxic T lymphocyte antigen-4 (CTLA-4) regulates the severity of peptide-induced experimental autoimmune encephalomyelitis (EAE) in mouse strains that are inherently susceptible to the disease. In this report, we show that CTLA-4 engagement also controls disease susceptibility in BALB͞c mice, a strain considered to be resistant to EAE induction. Although immunization of BALB͞c mice with syngeneic spinal cord homogenate or an I-A d -binding myelin peptide antigen failed to result in EAE, immunization with either antigen preparation in conjunction with anti-CTLA-4 resulted in both clinical and histological EAE. CTLA-4 blockade also resulted in a preferential increase in the frequency of antigen-specific T cells secreting IFN-␥. We conclude that CTLA-4 controls susceptibility in BALB͞c mice by limiting the expansion of autoreactive T cells present in the periphery, suggesting a mechanism whereby CTLA-4 contributes to the maintenance of peripheral T cell tolerance to self antigens.
susceptibility ͉ tolerance ͉ T helper 1 cells E xperimental autoimmune encephalomyelitis (EAE) is an autoimmune inflammatory and demyelinating disease model that shares many clinical and histological features with the human disease multiple sclerosis (MS) (1) . In susceptible mouse strains, immunization with myelin protein antigens emulsified in strong adjuvant results in a CD4 ϩ T helper 1 (Th1)-mediated inflammatory response in the central nervous system (CNS). Blockade of the inhibitory effects of CTLA-4 by administration of Abs during immunization has been shown to enhance T cell responses in many in vitro and in vivo systems (for review see ref.
2). CTLA-4 blockade has been shown to exacerbate EAE or accelerate disease relapse in susceptible strains of mice (3) (4) (5) . Blockade of CTLA-4 during in vitro stimulation increased IFN-␥ production leading to more effective adoptive transfer of EAE by antigen-specific T cells marked by increased disease incidence and severity (3) . CTLA-4 blockade during priming in EAE appears to exacerbate disease by increasing the frequency of responding cells, especially those secreting IFN-␥ (4, 6).
Susceptibility to EAE induction is governed by many genetic factors. The prototypical strain used for EAE studies is SJL͞J, which expresses the H-2 s major histocompatibility complex (MHC) haplotype. Although MHC is certainly an important genetic factor governing EAE susceptibility, it is not the only genetic factor. B10.S mice, which are congenic for the H-2 s MHC, are resistant to induction of EAE by a variety of neural antigens. Irradiated B10.S mice reconstituted with SJL͞J bone marrow are also resistant to EAE induction, whereas SJL͞J chimeras reconstituted with B10.S bone marrow are susceptible (7) . Backcross analysis between B10.S and SJL͞J mice has uncovered multiple genetic loci that are linked to EAE susceptibility (8, 9) .
The BALB͞c strain of mice is considered to be resistant to EAE induction, with the BALB͞cJ subline characterized as the most resistant. This resistance is at least partially controlled by MHC, as (BALB͞c ϫ SJL͞J)F 1 mice are highly susceptible to EAE induction induced by whole CNS tissue (10) . T cell clones and lines derived from immunized (BALB͞c ϫ SJL͞J)F 1 mice have been extensively studied. Encephalitogenic clones and lines were predominately restricted by F 1 hybrid class II MHC molecules, whereas nonencephalitogenic T cell clones and lines were restricted by the BALB͞c I-A d class II MHC molecule (11) . This observation suggests that there might be differences in the peptides presented by different class II MHC molecules in these mice that may have very important implications for disease outcome. This is analogous to the association of MS susceptibility with certain HLA loci. These results underscore the importance of background genetic factors that contribute to disease susceptibility.
The resistance of BALB͞c mice to EAE induction is not simply because of an inability to present or respond to myelin antigens. T cell clones can be derived from BALB͞c mice that are specific for peptides derived from myelin basic protein (MBP 59 -76 and MBP 151-160 ) and can adoptively transfer EAE to syngeneic animals after optimal activation in vitro (12, 13) . However, active immunization of BALB͞c mice with MBP or the relevant MBP peptides does not induce EAE (13) , suggesting that the in vitro cloning conditions allowed the outgrowth of potentially encephalitogenic T cell clones that could not be effectively generated in intact mice. Differential cytokine production also may affect susceptibility because BALB͞c mice tend to inherently produce Th2 type cytokines in many immunization protocols (14) . Backcross analysis among BALB͞c sublines has shown that multiple genotypic differences contribute to the disease resistance in the BALB͞cJ subline, although linkage analysis has not shown an association with any of allelic differences known to distinguish the BALB͞cJ substrain (15, 16) .
Given that in susceptible strains CTLA-4 seems to attenuate the T cell response to myelin antigens, we hypothesized that in resistant strains CTLA-4 may regulate peripheral tolerance to myelin antigens either by preventing T cell activation to myelin antigens or by severely restraining the T cell proliferative response to myelin antigens. The present study was conducted to determine whether interruption of CTLA-4͞B7 interactions would allow the induction of EAE in a resistant strain of mice. We found that blockade of CTLA-4͞B7 interactions in BALB͞c mice did indeed allow the induction of EAE after sensitization to either spinal cord homogenate (SCH) or a proteolipid protein (PLP)-derived IA d -binding peptide and that disease was marked by a preferential increase in the number of antigen-specific T cells producing IFN-␥.
Materials and Methods
Mice. Female BALB͞c mice aged 6-8 wk were purchased from the National Cancer Institute or Simonsen Laboratories (San Jose, CA) and used within 2 wk for experiments. Animals were housed in accordance with the Institutional Animal Care and Use Committee regulations at the University of California, Berkeley.
Antigens. Antigens used in these studies were syngeneic SCH and PLP 40 -59 (TGTEKLIETYFSKNYQDYEY). All peptides were synthesized and purified at the University of California at Berkeley Cancer Research Laboratory Microchemical Facility. Assessment of Clinical and Histologic EAE. Animals were monitored on a daily basis starting on day 8 after immunization. Disease was scored on a scale of 0-5: 1 ϭ limp tail or an inability to grasp with hind limbs; 2 ϭ inability to right itself from back; 3 ϭ hindlimb paralysis; 4 ϭ forelimb and hindlimb paralysis; and 5 ϭ moribund. For the histological analyses, brains and spinal cords were removed and fixed in 10% formalin. Paraffin-embedded sections were stained by using standard hematoxylin and eosin techniques and examined for histopathology. Inflammatory foci were enumerated without knowledge of the treatment.
ELISA and Enzyme-Linked Immunospot (ELISPOT).
Cytokine production was analyzed by sandwich ELISA. ELISA plates (96-well, Corning) were coated with appropriate capture Abs (2 g͞ml in 50 l of 0.1 M sodium bicarbonate buffer) overnight at 4°C. Wells were blocked with 200 l of PBS͞5% FCS at room temperature and washed three times with 0.9% NaCl͞0.1% Tween 20, and then culture supernatants (50 l) were added and incubated for 1 h at room temperature. Next, 50 l of biotinylated secondary Abs at a concentration of 1 g͞ml were added for 45 min at room temperature, followed by a 30-min incubation with streptavidin-horseradish peroxidase. Wells were developed by using a colorimetric substrate [2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic acid); ABTS] and read on a plate reader (Bio-Tek, Burlington, VT), and samples were analyzed by using KC4 software (Bio-Tek).
For the ELISPOT assays, draining lymph nodes were taken from five animals per group and pooled at day 7 after immunization. Then, 5 ϫ 10 5 unfractionated lymph node cells were added per well to MultiScreen-hemagglutinin plates (Millipore) that had been precoated with either anti-IFN-␥ (10 g͞ml) or anti-IL-4 (5 g͞ml) Abs. After a 36-h incubation, culture plates were washed extensively with PBS͞0.1% Tween 20, and secondary Abs to IFN-␥ (5 g͞ml) or IL-4 (5 g͞ml) were added and incubated for 5 h. at room temperature. After washing, streptavidin-horseradish peroxidase (1:1,000) was added and incubated for 1 h at room temperature. Plates were washed and developed with the peroxidase substrate 3-amino-9-ethylcarbazole (Sigma). Spots were counted under a binocular microscope (Olympus). To estimate the number of antigen-responsive T cells, the number of spots from wells containing no antigen (background) was subtracted from experimental wells.
Results
Blockade of CTLA-4 Allows Induction of EAE in BALB͞c Mice Immunized with SCH. Because myelin autoantigens are not as well defined in BALB͞c mice as they are in SJL and PL mice, we first sought to determine whether unfractionated SCH might induce EAE. SCH should contain all of the potentially immunogenic CNS antigens and therefore provide the best chance of priming the pool of autoaggressive T cells. Mice were immunized with SCH emulsified in CFA on days 0 and 7. Abs were administered by (i.p.) injection on days 0, 3, and 6, and mice were monitored for clinical signs of EAE for 4 wk. Some mice were killed on day 18 for histological evaluation of inflammatory infiltration into the CNS. The remaining mice were killed at day 26 for histological examination.
The SCH-sensitized mice treated with control Ab exhibited insignificant clinical manifestations of EAE (Fig. 1) . Only 1 mouse of 15 exhibited any paralysis, and this was quite mild (Table 1) . It should be noted that this mouse did not exhibit the histological lesions typically associated with EAE, which would suggest that the clinical symptomatology was not due to CNS inflammation. A small number of mice (3͞14) in the control group exhibited CNS infiltration, but this was quite mild with only a few inflammatory foci.
In contrast, blockade of CTLA-4 during the initial sensitization to SCH resulted in a very severe clinical course of EAE (Fig.  1) . Fourteen of 15 animals treated with anti-CTLA-4 Ab showed clinical signs of EAE. Histological analysis revealed that all 15 animals showed extensive CNS infiltration (Table 1) . A signif- icantly higher number of inflammatory foci were present as compared with control Ab-treated animals (110.3 vs. 3.9, P Ͻ 0.0001, Table 1 ). These results indicate that CTLA-4 plays a vital role in determining susceptibility to EAE induction after immunization with unfractionated SCH.
CTLA-4 Blockade Allows EAE Induction by a PLP Peptide in BALB͞cJ
Mice. We next determined whether CTLA-4 blockade could allow EAE induction by a single peptide antigen. We immunized mice with a peptide derived from myelin PLP. Sensitization to PLP has been demonstrated to induce EAE in several strains of mice, including some BALB͞c substrains (17) . Peptides derived from PLP have been characterized for MHC binding and the ability to elicit both a proliferative response and EAE disease in mice from various MHC backgrounds (18) . We focused on one peptide, PLP 40 -59 , which had been previously reported to bind to I-A d and prime a weak T cell response in vivo but was not encephalitogenic in BALB͞cJ mice (18) . To test whether CTLA-4 regulates resistance to PLP 40 -59 -induced EAE, we immunized animals with PLP 40 -59 emulsified in CFA under conditions of CTLA-4 blockade. Consistent with this earlier report (18), we found that PLP 40 -59 -sensitized mice receiving control Ab showed no indications of clinical EAE. As shown in Table 1 , none of 40 BALB͞c mice over five separate experiments exhibited clinical manifestations of EAE, whereas 23͞40 mice immunized with PLP 40 -59 and treated with anti-CTLA-4 Ab exhibited various degrees of paralysis (Table 1 ). These results demonstrate that CTLA-4 blockade converted the normally nonencephalitogenic response of BALB͞c mice to this PLPderived peptide to an encephalitogenic one (18) .
Histological analysis of mice immunized with PLP 40 -59 and treated with control Ab revealed mild inflammation of the CNS in 21͞46 animals. A greater number of mice treated with anti-CTLA-4 Ab exhibited more extensive inflammatory lesions in the CNS (32͞46). More importantly, the mean number of inflammatory foci was increased 4-fold in the anti-CTLA-4-treated mice (9.4 vs. 37.5, P Ͻ 0.0002, Table 1 ). Together, these results indicate that immunization with PLP 40 -59 is sufficient to prime autoreactive T cells, but that under normal conditions the response is restrained by CTLA-4 to a level that minimizes inflammation and pathogenic destruction of CNS tissues and that blockade of the attenuating effects of CTLA-4 allows development of autoimmune disease.
CTLA-4 Blockade Results in Increased IFN-␥ Secretion in Vitro.
We next sought to determine the mechanism by which CTLA-4 blockade allows induction of EAE in the PLP 40 -59 -primed animals. Mice were immunized as described above except that they received Ab injections on days 0 and 3 only. The Ab injection on day 6 was eliminated to minimize the possibility that residual Ab would potentially confound interpretation of in vitro assays. On day 7, draining lymph nodes were harvested and assayed for proliferation and cytokine secretion in response to PLP 40 -59 .
Primed lymph node cells from anti-CTLA-4-treated mice did not show any difference in proliferative response to the sensitizing antigen when compared with the response of lymph node cells from control Ab-treated mice ( Fig. 2A) . Although there was no significant difference between the proliferative response of control Ab-and anti-CTLA-4 Ab-treated mice to PLP 40 -59 , it remained possible that cytokine secretion differed between the two treatment regimens.
To address this possibility, supernatants from lymph node cultures stimulated with PLP 40 -59 were assayed for IFN-␥ and IL-4. We were unable to detect IL-4 production by using ELISA. However, there were significant differences in IFN-␥ production between control Ab-and anti-CTLA-4-treated groups: Antigenstimulated lymph node cells from mice that had been treated with anti-CTLA-4 secreted greater amounts of IFN-␥ than corresponding cultures from control Ab-treated animals (Fig.  2B ). This result suggests that the encephalitogenic effect of CTLA-4 blockade can be attributed to an enhancement of IFN-␥ production in response to PLP 40 -59 and that CTLA-4 engagement prevents disease induction by limiting cytokine production.
CTLA-4 Blockade Increases the Frequency of PLP40-59-Specific T cells.
The increase in IFN-␥ production as a result of CTLA-4 blockade could be the consequence of induction of a higher frequency of IFN-␥-producing cells, an increased production of IFN-␥ per cell, or a deviation of the immune response from a nonencephalitogenic Th2 response to an encephalitogenic Th1 response. The lack of IL-4 detected by ELISA suggested that deviation had not occurred. However, this bulk measurement would not be able to detect low levels of cytokine produced by a small number of responding T cells. To dissect more precisely the effect of CTLA-4 blockade on induction of cytokine-producing T cells, we used the more sensitive ELISPOT procedure to determine the frequencies of cells that secreted IFN-␥ and IL-4 in response to PLP 40 -59 stimulation.
Mice were immunized in the same manner as described for the ELISA experiments. Unfractionated draining lymph node cells were analyzed by ELISPOT for IFN-␥ or IL-4 production in response to PLP 40 -59 . As shown in Fig. 3 , both IL-4-and IFN-␥-secreting cells were detectable in low but comparable numbers from control Ab-treated animals. Blockade of CTLA-4 resulted in an increase in the number of both IFN-␥-and IL-4-secreting cells. The fact that the frequency of both populations increased indicates that CTLA-4 blockade does not result in overt immune deviation. However, the frequency of IFN-␥-producing cells was increased approximately 6-fold over the frequency of cells from control Ab-treated animals, whereas the frequency of IL-4-producing cells was increased only 3-fold. Also, not only was the overall frequency of peptide-specific cells increased over 4-fold by CTLA-4 blockade, but the ratio of Th1 to Th2 cytokine-secreting cells also doubled (from 1:1 to 2:1). It seems likely that this increased frequency of IFN-␥-secreting T cells is responsible for the induction of EAE after CTLA-4 blockade. Mean peak clinical score was calculated from all animals immunized. Mean total foci was calculated from all animals tested. Statistical analysis was performed with the Mann-Whitney t test. * , P Ͻ 0.0001 compared with SCH͞anti-CTLA-4; †, P Ͻ 0.0001 compared with PLP 40 -59͞anti-CTLA-4; ‡, P Ͻ 0.0002 compared with PLP40-59͞anti-CTLA-4.
Discussion
There is a growing body of evidence indicating that CTLA-4 is pivotal in controlling autoaggressive T cells. The importance of CTLA-4 in peripheral T cell regulation is perhaps best demonstrated by the CTLA-4 Ϫ/Ϫ mouse, which shows massive lymphoproliferation and death at an early age (reviewed in ref. 2 ). An important role for CTLA-4 in the regulation of immune responses to self antigens also is demonstrated by the fact that blockade of CTLA-4, in combination with a melanoma cellbased vaccine, resulted in potent anti-tumor responses and the development of autoimmune depigmentation as a consequence of destruction of normal melanocytes (19, 20) .
Several human autoimmune disorders have been associated with potential deficits in CTLA-4 function or expression. A search for non-HLA-linked genes associated with Grave's disease concluded that a polymorphism in the CTLA-4 gene might be correlated with susceptibility to Grave's disease (21) . Also, T cells from patients suffering from Chediak-Higashi syndrome were shown to be defective in cycling CTLA-4 to the cell surface after stimulation. This defect was postulated to result in the lymphoproliferative disorder seen in Chediak-Higashi syndrome patients (22) . Another study found auto-Abs to CTLA-4 present in the serum of patients suffering from a number of autoimmune disorders, including rheumatoid arthritis, Behcet's disease, systemic lupus erythematosus, and Sjögren's syndrome (23) . This finding led to the suggestion that auto-Abs to CTLA-4 may interfere with normal CTLA-4 function and amplify T cell responses in these patients, resulting in more severe autoimmune responses (23) . Additionally, recent studies have shown a po- tential linkage between CTLA-4 gene polymorphisms and MS (24) (25) (26) .
We found that blockade of CTLA-4͞B7 interactions during immunization of BALB͞cJ mice with SCH allowed the induction of severe EAE, indistinguishable from that of EAE in other susceptible strains. Similarly, CTLA-4 blockade during immunization of BALB͞cJ mice with an I-A d -binding peptide derived from PLP, PLP 40 -59 , allowed induction of EAE. However, disease in mice immunized with the peptide was much milder than that in mice sensitized to the SCH. This result may simply reflect that fact that the mice were immunized with a single PLP epitope rather than the array of antigens found in unfractionated SCH.
Induction of EAE by CTLA-4 blockade corresponded with an increase in IFN-␥ production in response to the priming antigen. This finding is consistent with data from studies using the susceptible SJL͞J strain (4) . The increase in IFN-␥ production corresponded to a 6-fold increase in the frequency of IFN-␥-producing cells and a 3-fold increase in the number of neuroantigen-specific, IL-4-producing cells. This observation demonstrates that both Th1 and Th2 populations had increased as a result of CTLA-4 blockade and agrees with our previous studies in the SJL͞J strain, which found a similar increase in the ratio of Th1 to Th2 populations and attributed the exacerbation of EAE by CTLA-4 blockade to the preferential increase in IFN-␥-secreting T cells (6) .
In B10.S mice, it was demonstrated that resistance to EAE induction might be due to ineffective signaling through the IL-12͞CD40 costimulatory axis. Adoptive transfer of T cells activated in vitro with IL-12 was found to be sufficient to restore susceptibility to MBP-induced EAE in B10.S mice (27) . The defect in IL-12 expression was attributable to a defect in CD40L expression (28) . These findings again reflect an observation that similar signaling defects are observed in MS patients (29) . Our findings do not preclude the possibility that CTLA-4 blockade may bypass a defect in CD40L-induced IL-12 production.
The findings presented in this report directly implicate CTLA-4 as a critical factor regulating susceptibility to autoimmune disease. The fact that a weak response is detected in mice immunized to PLP 40 -59 alone suggests that CTLA-4 blockade is not acting by the reversal of T cell anergy. Thus the resistance of BALB͞cJ mice to EAE induction is not due to an inherent inability to respond to myelin antigens but is due to the fact that CTLA-4 restricts the magnitude of the specific T cell response and inhibits the induction of EAE predominately by limiting the induction of a Th1 response.
There are at least two possible explanations for the results presented here. One is that CTLA-4 blockade lowers an activation threshold and allows the recruitment of a broader population of T cells, which would not have otherwise responded. In this scenario, autopathogenic T cells that are normally poorly responsive to autoantigen, perhaps because of expression of lowaffinity T cell antigen receptors, become activated when CTLA-4-mediated inhibitory signals are removed. Alternatively, CTLA-4 blockade may selectively permit expansion of strongly reactive T cells. In this scenario, T cells that respond in the presence of CTLA-4 blockade might have a quantitative and qualitative advantage for expansion and development of an autopathogenic response when CTLA-4 function is abrogated. Based on results we recently published that suggest preferential CTLA-4-mediated inhibition of T cells receiving strong T cell antigen receptor signals, we favor the latter possibility (2, 6, 30) .
Viewed either way, it is clear that the induction of an autopathogenic response is a quantitative effect whereby induction of autoimmunity is the result of the T cell response reaching and exceeding a ''critical mass.'' Thus, CTLA-4 may restrict the expansion of autoreactive T cells and regulate autoimmune responses. This observation has important implications as to the function of CTLA-4 in the regulation of T cell responses and to the way in which this regulation is manipulated in immunotherapy of human diseases such as MS and cancer. 
